Plasma fluctuations in the scrape-off layer of the Alcator C-Mod tokamak in ohmic and high confinement modes have been analyzed using gas puff imaging data. In all cases investigated, the time series of emission from a single spatially-resolved view into the gas puff are dominated by large-amplitude bursts, attributed to blob-like filament structures moving radially outwards and poloidally. There is a remarkable similarity of the fluctu- 
I. INTRODUCTION
The life-time of plasma facing components at the outboard mid-plane region in the next generation magnetic confinement experiments and future fusion reactors is likely to be limited by enhanced erosion rates due to radial motion of blob-like filament structures through the scrape-off layer (SOL). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] It is therefore of great interest to elucidate the statistical properties of the intermittent fluctuations in the boundary region for reactor relevant conditions and plasma parameters. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In particular, the rate of erosion will depend on the amplitude of the structures, the duration of the events, and their frequency of occurence. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] If there are universal statistical properties of the fluctuations, it may be possible to give reliable predictions of fluctuation-induced plasma-wall interactions by use of phenomenological statistical models. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] In order to identify the statistical properties of the fluctuations in the SOL, exceptionally long measurement data time series under stationary plasma conditions in ohmic and low confinement mode (L-mode) plasmas have previously been carefully analyzed. [31] [32] [33] [34] [35] [36] [37] It has been demonstrated that the fluctuations are strongly intermittent in the far-SOL with an exponential tail in the probability density function (PDF) for large fluctuation amplitudes. In ohmic plasmas, the frequency power spectral density has been shown to be similar for all radial positions in the SOL and lineaveraged densities. 33 Based on this, a stochastic model of the plasma fluctuations has been developed and its underlying assumptions and predictions are found to compare favorably with experimental measurements in ohmic and L-mode plasmas. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] In this work, it is demonstrated for the first time that the plasma fluctuations in the SOL of Alcator C-Mod have the same statistical properties in ohmic and high confinement mode (Hmode) plasmas. The latter includes both an ELM-free H-mode and an enhanced D-alpha (EDA) H-mode confinement regimes. In particular, it is shown that large-amplitude bursts in the SOL data time series have an exponential wave form with constant duration. Both the peak amplitudes of these bursts and the waiting times between them are exponentially distributed. Moreover, the frequency power spectral densities in the SOL have a self-similar shape for both ohmic and Hmode plasma states. This gives further evidence for universality of plasma fluctuations in the SOL of magnetically confined plasmas and supports the stochastic model.
II. EXPERIMENTAL SETUP
Alcator C-Mod is a compact, high-field tokamak with major radius R 0 = 0.68 m and minor radius a = 0.21 m. [51] [52] [53] All experiments analyzed here were deuterium fuelled plasmas in a lower single null divertor configuration. There is a wide range of plasma operation conditions available for the Alcator C-Mod tokamak. In the case of strong auxiliary ion cyclotron range of frequencies (ICRF) heating, there are two different types of H-modes on Alcator C-Mod without edge localized modes (ELMs). The most common is the so-called enhanced D-alpha (EDA) H-mode, which is a steady mode of operation with an edge transport barrier. Enhanced particle transport has been correlated with a quasi-coherent mode (QCM) observed in the particle density and magnetic fluctuations at frequencies between 50 and 200 kHz. [54] [55] [56] This mode is believed to prevent impurities from accumulating in the core, resulting in a steady state EDA H-mode without ELMs.
Another type of H-mode on Alcator C-Mod is the so-called ELM-free H-Mode. In this case there is a strong particle and heat transport barrier but a lack of macroscopic instabilities of the edge pedestal. This results in an accumulation of impurities in the core, which eventually causes a radiative collapse of the plasma. Both the plasma and impurity densities increase monotonically during these ELM-free H-modes. ELM-free H-modes are therefore inherently transient in nature.
However, from the point of view of the far-SOL turbulence properties, this is an interesting mode of confinement due to the absence of a transport regulator in the edge region. Finally, it is to be mentioned that the H-mode data sets analyzed here have been carefully chosen such that the GPI measurements are not influenced by the strong electric fields from the ICRF wave antennas. When the GPI field of view is magnetically mapped along field lines to the antenna, there are significant changes in the dynamics of blob-like filament structures, 57 and the fluctuations are found to be near normally distributed throughout the SOL. Such interactions are beyond the scope of this study.
The GPI diagnostic on Alcator C-Mod consists of a 9 × 10 array of in-vessel optical fibres with toroidally viewing, horizontal lines of sight. [56] [57] [58] The plasma emission collected in the views is filtered for He I (587 nm) line emission that is locally enhanced in the object plane by an extended He gas puff from a nearby nozzle. Because the helium neutral density changes relatively slowly in space and time, rapid fluctuations in He I emission are caused by local plasma density and temperature fluctuations. The emission can be parameterized as proportional to n α e T β e , with the exponents α and β dependent upon the local electron density n e and temperature T e . 58, 59 The optical fibres are coupled to high sensitivity avalanche photo diodes and the signals are digitized Table I gives the confinement mode, shot number and the duration of the time interval used for the following statistical analysis, during which all plasma parameters in the SOL are stationary. Also given in Tab. I are the axial magnetic field B 0 , plasma current I p , the Greenwald fraction of the line-averaged density n e , and the ICRF heating power P RF during the time interval investigated. Here the Greenwald density is given by n G = (I p /πa 2 )10 20 m −3 , where I p is given in units of MA and a is in units of meters. 60 The ohmically heated plasma states were part of a density scan study and the highest density case has a Greenwald density fraction of n e /n G = 0.6 and a fully detached divertor. These plasma with radial distance into the SOL. A varying degree of the injected neutral gas will be ionized in the SOL, depending on the electron density and temperature. The gas puff imaging diagnostic can therefore not be used to distinguish the absolute fluctuation amplitudes in any plasma parameter. 58, 59 The probability density functions (PDFs) for the detrended intensity fluctuations at (R, Z) = bursts in the underlying time series presented in Fig. 1 . These are attributed to the excess particles and heat in blob-like filaments propagating through the SOL. Also shown in Fig. 3 are the predictions of a Gamma distribution for the large-amplitude tail of the PDFs. This is clearly a good description of both the ohmic and H-mode cases, with the strongest intermittency for the low density ohmic case. The shape parameter for the Gamma distributions, which is the ratio of the pulse duration and average waiting times, are 3/4 for the low density ohmic case, 2 for the high density ohmic case, 3 for the ELM-free H-mode, and 5 for the EDA H-mode.
In order to further demonstrate the intermittency of the fluctuations, the sample flatness moment is plotted against the sample skewness moment in Fig. 4 for all GPI diode view positions in the SOL region and all discharges listed in Tab In order to reveal the statistical properties of large-amplitude events in the time series, a stan- The conditionally averaged wave-forms calculated for the position (R, Z) = (91.08, −2.99) cm are presented in Fig. 8 for a threshold value given by 2.5 times the standard deviation. For all confinement modes there is on average a large peak nearly four times the standard deviation of the full time series. For the both ohmic and H-mode plasmas, the wave-form is well described by a two-sided exponential pulse shape with a rise time of 5 µs and a fall time of approximately 15 µs.
The somewhat longer pulse fall time for the EDA H-mode is likely due to the stronger degree of pulse overlap suggested by the relatively large shape parameter of the Gamma distribution presented in Fig. 3 .
For each crossing of the 2.5 rms threshold level, the peak amplitudes are also recorded. Figure 9 shows the distribution of these peak amplitudes. The full line shows the prediction of a truncated exponential distribution with a mean amplitude of 3.65, which is the same as the peak value for the conditionally averaged wave-form presented in Fig. 8 . Within the scatter due to finite duration of the time series, this is clearly an excellent description of the measured data. Similar results have previously been found for low density ohmic plasmas using both GPI and electric probe measurements. [31] [32] [33] [34] [35] [36] [37] The PDF for the waiting times between large-amplitude bursts in the GPI intensity signals measured at (R, Z) = (91.08, −2.99) cm are presented in Fig. 10 , again for a threshold value given by 2.5 times the standard deviation. For the ohmic and H-mode plasmas, this is well described by an exponential distribution with an average waiting time of roughly 0.3 ms. Such an exponential distribution of waiting times is consistent with a process with uncorrelated events.
IV. DISCUSSION AND CONCLUSIONS
The radial motion of plasma filaments containing excess particles and heat leads to strongly intermittent fluctuations in the SOL of magnetically confined plasmas, and may lead to enhanced levels of plasmas-wall interactions that is a serious issue for the next generation, high duty cycle confinement experiments and future fusion reactors. In this work, it is for the first time demonstrated that the statistical properties of these fluctuations are the same in L-and H-mode plasmas. modes. This complements previous investigations of a set of low density ohmic plasmas. [31] [32] [33] The model further predicts a frequency power spectral density that is independent of the degree of pulse overlap and the amplitude distribution of the pulses. Hence, the power spectrum is expected to be self-similar for all radial positions in the SOL. This is indeed shown to be the case for both ohmic and H-mode plasmas. This suggests that both the near-and the far-SOL fluctuations are due to uncorrelated exponential pulses but with much more pulse overlap close to the separatrix. These observations run contrary to the ideas that the shape of the power spectrum arises from the interaction of turbulent eddies or self-similar processes. The fluctuation statistics are shown to be the same in both Ohmic plasmas and high confinement modes. The pulse overlap is observed to decrease with radius into the SOL. This is likely due to significant poloidal and toroidal flows in the edge region as well as dispersion of the blob-like filaments as they propagate. It is to be noted that in the framework of the stochastic model, all the plasma in the SOL is due to radial motion of filament structures. This results in broad plasma profiles and enhanced levels of plasma-wall interactions. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] V. ACKNOWLEDGEMENTS 
